is established on former cropland, the less intensive tillage and the recurring soil enrichment by dead plant material after coppice can lead to an increase in soil organic carbon (SOC) storage (Berhongaray, Verlinden, Broeckx, Janssens, & Ceulemans, 2017; Don et al., 2012; Grigal & Berguson, 1998; Smith, 2004) , but not necessarily (Pacaldo, Volk, & Briggs, 2013; Walter, Don, & Flessa, 2015) . The effect of SRC establishment is not always visible immediately after land conversion (Arevalo, Bhatti, Chang, & Sidders, 2011; Njakou Djomo et al., 2013) and depends on plantation age (Hansen, 1993) , on the former land use, as well as on soil texture, structure, and acidity (Harris, Spake, & Taylor, 2015) . An advantage of the conversion of cropland to SRC is the lower nitrogen input requirement which reduces the emission of N 2 O to the atmosphere and improves water quality (Whitaker et al., 2017) .
Although biomass from SRC might be a valuable option to partially replace fossil fuels, we lack knowledge of the greenhouse gas (GHG) balance associated with the operation of perennial SRC (Crutzen, Mosier, Smith, & Winiwarter, 2008; Díaz-Pinés et al., 2016; Palmer, Forrester, Rothstein, & Mladenoff, 2014) . Previous life cycle analyses of SRC plantations combined field measurements and modeling (Schweier et al., 2017) , but ecosystem GHG fluxes have seldomly been quantified over multiple rotations of SRC on-site (Gelfand et al., 2013; Harris et al., 2015) . Monitoring GHG emissions after land conversion to SRC over only one rotation provides a distorted picture of reality because the largest impact occurs shortly after the land-use change (see e.g., Nikiema, Rothstein, & Miller, 2012; Palmer et al., 2014; Walter et al., 2015; Zenone et al., 2016) . Most previous studies only measured the exchanges of CO 2 neglecting important non-CO 2 GHGs as nitrous oxide (N 2 O) and methane (CH 4 ). Compared to CO 2 , the absolute fluxes of CH 4 and N 2 O are smaller, but their global warming potential is 25, respectively, 298 times larger than that of CO 2 (Forster et al., 2007) . In natural ecosystems, CH 4 is mostly emitted from swamps (Conrad, 1996) , where anaerobic conditions stimulate its biological formation. N 2 O is formed during microbial nitrification and denitrification with the emission of N 2 O depending on the availability of NO − 3 (Palmer et al., 2014) . The environmental drivers of N 2 O and CH 4 emissions are largely unknown, and observations of the fluxes of these gases produce varying results (Harris et al., 2015) . Former land use, site-specific soil properties and climate conditions influence GHG emissions from SRCs (Field, Marx, Easter, Adler, & Paustian, 2016; Whitaker et al., 2017) . Site management, that is, the use of fertilizer, irrigation, and length of the rotation period, also influences the GHG balance Díaz-Pinés et al., 2016) .
The goals of the present study were to monitor the net (atmosphere to plantation) fluxes of the three most important GHGs, and to reconstruct the GHG balance of an operational SRC plantation. We hypothesize that the SRC plantation is a net sink of GHGs and that this sink increases with time.
| MATERIALS AND METHODS

| Study area
The operational poplar SRC plantation covers an area of 14.5 ha and is located in Lochristi, East Flanders, Belgium (51°06′44″N, 3°51′02″E, 6.25 m a.s.l.). It is being used to produce woody biomass for the production of renewable electricity and "green" heat. The long-term average annual and growing season temperatures at the site are 9.5 and 13.7°C, respectively. Average annual and growing season precipitation is 726 and 433 mm, respectively (Broeckx, Verlinden, & Ceulemans, 2012) . On April 7-10, 2010, hardwood cuttings of 12 commercially available poplar genotypes and three willow genotypes were planted at a density of 8,000 cuttings/ha in a double row planting scheme with alternating distances of 0.75 and 1.5 m between the rows and 1.1 m between trees within rows (Broeckx et al., 2012) . Before the SRC plantation was established, and for at least 20 years, 62% of the area was cultivated with regularly fertilized (200-300 kg ha −1 year −1 of fertilizer) agricultural crops such as ryegrass, sugar beet, wheat, potatoes, and most recently maize. The remaining 38% of the area was intensively grazed pasture. The 2010 soil analysis showed on average 84.7% sand and 11.3% clay (Verlinden, Broeckx, Wei, & Ceulemans, 2013) . Since the establishment of the SRC in 2010, neither fertilization nor irrigation has been applied. During the first month after land conversion to SRC and after each coppicing, conventional manual and chemical weed control (Ledin & Willebrand, 1996) was performed. For the first two rotations, the plantation was coppiced every 2 years (Figure 1 ) with the first harvest taking place on February 2-3, 2012 and the second harvest on February 16-17, 2014. The third rotation was extended to 3 years with the most recent coppice from February 28 to March 1, 2017. At the end of each growing season inventories of shoot diameters at 0.22 m height, the number of shoots per stool and stool mortality were made and used to estimate annual yield (Vanbeveren & Ceulemans, 2018) . Above-ground woody biomass yield values ( Figure 1 ) were obtained from upscaling shoot diameter-dry weight relationships and from the shoot diameter inventories. At harvesting, these relationships were validated with weight measurements of the lorries with harvested biomass (described in Verlinden, Broeckx, & Ceulemans, 2015) .
| Environmental variables
Air temperature and relative humidity were measured at halfhourly time steps using Vaisala probes (HMP45C; Vaisala). Soil water content was continuously measured using soil moisture probes (TDR model CS616; Campbell Scientific Inc.) at a depth of 0.2, 0.3, 0.4, 0.6, and 1 m. The water table depth was monitored each half hour using a pressure transducer (PDCR 1830; Campbell Scientific Inc.) . Both soil water content and water table depth were measured at five locations, chosen to be representative of the sensed part of the ecosystem. Precipitation data were obtained from the Royal Meteorological Institute at the nearby meteorological station in Zelzate (51°10′53″N, 3°48′33″E, 87.19 m a.s.l.). Occasionally, the site was flooded for 1-2 days following intensive precipitation events during the period 2010-2016. More details about the environmental instrumentation and measurements have been previously published (Zona et al., 2013) .
| CO 2 , CH 4 , and N 2 O flux measurements and post-processing
Fluxes of CO 2 , CH 4 , and N 2 O were monitored at half-hourly resolution from an eddy covariance system. The measurement height for the eddy covariance instruments was adjusted twice per year to track the growth of the canopy, with a minimum measurement height of 5.6 m and a minimum distance from the canopy top of approximately 3.5 m. The footprint of the mast over the research site was maximized by installing it according to the prevailing southwest wind direction (Zona et al., 2013) . From April 2010 until February 2014, a sonic anemometer (CSAT3; Campbell Scientific Inc.) was used to measure the three-dimensional wind speed components. Fluctuations in gas concentrations were measured by a closed-path fast response infrared gas analyzer for CO 2 and H 2 O (LI-7000; LI-COR Inc.) and by two laser spectrometers for N 2 O and CH 4 (908-0014 and DLT-100; Los Gatos Research Inc., respectively). In February 2014, the above instruments were replaced by a Gill-HS50 sonic anemometer (Gill Instruments Ltd), an LI-7200 closed-path infrared gas analyzer (LI-COR Inc.) for CO 2 /H 2 O and a single laser spectrometer N 2 O/CH 4 analyzer (standard rackmount analyzer N2OM1; Los Gatos Research Inc.). All instruments sampled at a frequency of 10 Hz using a data logger (model CR 3000; Campbell Scientific Inc.).
The raw high frequency data were then used to calculate 30 min average fluxes of sensible heat (H), latent heat (LE), CO 2 , CH 4 , and N 2 O using a set of standardized post-processing calculations and corrections. The most important were: two-dimensional coordinate rotation to set lateral and vertical mean wind speed to zero; time lag between each scalar and wind speed measurements, estimated through covariance maximization; empirical frequency correction for high-frequency attenuation and WebbPearman-Leuning correction for density fluctuations when needed, that is, when the concentration was not measured as a mixing ratio. Details of these corrections have been provided by Aubinet et al. (2012) .
Half-hourly data were filtered for the entire period with the following criteria: fluxes with a high degree of non-stationarity and a low level of developed turbulence were excluded; results obtained for wind directions outside the range 50°-250° were also excluded to maximize the representativeness of the measurements collected at the eddy covariance mast; finally, a friction velocity threshold of 0.2 m/s was used for the full dataset. Afterward, net ecosystem exchange, LE, and H were gap-filled using the marginal distribution sampling methodology (Reichstein et al., 2005) . This data processing was achieved using the tool REddyProc provided online by the Max Planck Institute (https ://www.bgc-jena. mpg.de/bgi/index.php/Servi ces/REddy ProcWeb). For the CH 4 and N 2 O fluxes, no such tool was available because functional relationships for these fluxes have not yet been described. We, therefore, used an average-value approach to fill CH 4 and N 2 O flux data gaps based on the fact that similar conditions were assumed to drive similar fluxes (Mishurov & Kiely, 2011 ). An averaging window of limited time length (15 days) was used to ensure coherence of environmental and phenological conditions within each gap filling window. This approach is identical to the one previously used for the first two rotations of the site (Zenone et al., 2016) .
All post-processing and gap-filling methods were consistent with the approaches previously used for the analysis of the first years of the plantation Field et al., 2016; Zenone et al., 2016; Zona et al., 2013) . All flux data below refer to the measured net exchange fluxes of CO 2 , CH 4 , and N 2 O between the atmosphere and the plantation. Negative fluxes relate to a net uptake from the atmosphere (the plantation is a net sink); positive fluxes relate to a net emission from the plantation to the atmosphere (the plantation is a net source). The absolute coefficient of variation (COV) of the fluxes was calculated as the ratio of the standard deviation over the mean of the absolute values of the half-hourly flux values over the entire year.
| RESULTS
| CO 2 fluxes and their temporal dynamics
After land conversion from cropland and pasture to SRC (in 2010) and after each coppice harvest (2012 and 2014), the plantation was a net source of GHGs (Figures 1 and 2 ). In each second or third year after coppice (2011, 2013, 2015, and 2016) , the plantation shifted into a net sink of GHGs. Moreover, 5 years after the land conversion, the newly established SRC had turned into a net (cumulative) GHG sink (Figure 2 ). Over the entire duration of the study, the net CO 2 and GHG fluxes showed the expected temporal dynamics. As expected at this non-irrigated, non-flooded, and non-fertilized site, CO 2 dominated the GHG balance. Thus, the inter-annual dynamics of the GHG balance were dominated by the temporal dynamics of the net CO 2 fluxes (Figure 2 ). In the second rotation, there was a large difference in the total net flux between both years: a net uptake of −10 Mg ha −1 year −1 during the second year versus a net emission of +5.5 Mg ha −1 year −1 during the first year (of the second rotation) which can only be explained by the boost in growth (Vanbeveren et al., 2016) . Respiration of the plantation (i.e., positive net fluxes) increased as the new rotation started regrowing. The coppice harvest also disturbed the soil, and quite some plant residue (branches, shoots) was left on the soil surface, causing an increase in soil respiration and resulting in higher CO 2 emissions. During the second rotation, the CO 2 uptake (hence photosynthesis of the plantation) was lower in the last year while during the first and third rotations, the last years showed a higher uptake than during the first year after coppice (Figure 3 ). Likely environmental variables (see Figure S2a ,b) were controlling fluxes beside coppicing, and phenological processes as leaf area development and regrowth after coppice. In the third year of the last rotation, the plantation became an impressive net sink of CO 2 (−37.4 Mg/ha of CO 2 ).
The magnitude of the CO 2 flux as well as its within-year variability increased with increasing rotations (Figure 3) . The least variable year was 2010 (COV of 1.29) while the year 2013 was the most variable year (COV of 1.78). The sink increased with time, regardless of rotation duration: Positive flux values refer to emissions (source); negative fluxes refer to uptake (sink) the ratio's to the second year increased with number of rotations, and were highest for the third year of the third rotation (Table 1 ). The sink increased from the first to the second and to the third rotation in the same years (first and second year); the sink further increased during the third year, suggesting the adoption of longer rotations (Table  1 ). The yield in the first 2 years of the third rotation (dry weights of wood of 6.2 and 12.1 Mg ha −1 year −1 , respectively), however, was lower than the yield for the second rotation (12.1 and 18.9 Mg ha −1 year −1 of wood). It is puzzling that the first 2 years of the third rotation had a larger sink than the first 2 years of the second rotation (Figure 3 ), but showed a lower yield (Figure 1 ). Potential explanations for this discrepancy might be (a) changes in SOC could be one explanation, but the "mismatch" seems rather large for this speculation; (b) the root development might be another explanation, but we lack sufficient data to validate this hypothesis. There are furthermore also uncertainties on the yield estimates reported in Figure 1 (from Vanbeveren & Ceulemans, 2018) .
| Non-CO 2 fluxes
In comparison with the increasing CO 2 uptake with time, emissions of N 2 O and CH 4 were small. CH 4 emissions remained stable throughout the entire period of the study as shown by the stable slope of the cumulated flux (Figure 2 ). The absolute COV ranged between 1.08 (2010) from November 2015 onward, with maxima in January and in May 2016. The water table depth and the soil water content at 0.2 m depth both explained a significant part of the monthly variability of CH 4 fluxes ( Figure S3a,b) . At the beginning of 2016, average measured water table depths were only 23, 13, and 95 mm in January, February, and March, respectively (Figure 3) . Only 1 month-that is, December 2011-showed a very minor CH 4 uptake. Averaged over the year and separately for the growing and non-growing season, the plantation was a small net source of N 2 O, except during the non-growing season of 2013, when the plantation was approximately N 2 O neutral. The emission of N 2 O remained low immediately following land conversion to SRC, but in August 2010 (5 months after planting), one intense emission peak of short duration was observed (maximum daily average of 5.43 CO 2 eq µmol m −2 s −1 on August 21, 2010; Figure 3 ). This single emission peak was most probably linked to the largest rainfall event that occurred during the study period, when rainfalls of 56.4 and 52.5 mm occurred on August 15-16, 2010 (see Figure 3 ; see also Zona et al., 2013) . The sudden emission peak contributed significantly to the overall net N 2 O release over the entire period. Small, but not negligible correlations were found between the average N 2 O emission and both the precipitation and the average water table depth at a daily resolution, but not at a monthly resolution ( Figure S4a In total, 51.2 Mg/ha of CO 2 was captured in 7 years. CH 4 and N 2 O emissions amounted to 8.9 and 6.5 Mg CO 2 eq/ha, respectively, reducing the total GHG uptake.
| DISCUSSION
| From a net source to a net sink of GHGs
Although previous studies mentioned that bioenergy production from woody crops can be sustainable after land conversion (Gelfand et al., 2013; Whitaker et al., 2017) , the present study provides a unique dataset (seven full years, three rotations) of the total GHG balance of SRC from the continuous on-site monitoring of CO 2 , CH 4 , and N 2 O fluxes over several rotations. Overall, the plantation became a net GHG sink after 5 years of SRC culture, confirming our hypothesis and previous studies. An extensive review of 138 studies showed that a decrease in GHG emissions occurs after land conversion to a (perennial or annual) bioenergy cropping system, with 10 years (on average) being needed to overrule the surplus in GHG emissions caused by the land conversion itself (Harris et al., 2015) . At our site, the absence of fertilization may have led to the relatively short period needed to compensate this short-term GHG emission surplus. Generally, after conversion of agricultural land to poplar SRC, no fertilization is needed for some 20 years. This is due to the effective recycling of leaf litter (Meiresonne, Schrijver, & Vos, 2007) and the low nutrient demand of poplar (Balasus, Bischoff, Schwarz, Scholz, & Kern, 2012) , although the length of time depends on former land use, soil type, and site management. Also, because of the absence of annual soil tillage under SRC as in the case of annual crops, the CO 2 emissions due to soil disturbance are minimized. The heavy machinery used during harvest may also lead to soil compaction with less aeration and water infiltration affecting the biological processes and related GHG effluxes from the soil (Epron et al., 2016; Sabbatini et al., 2016) . The effect of a larger rooting system could cancel out this effect, depending on the poplar genotype (Berhongaray, Janssens, King, & Ceulemans, 2013) and the soil.
| Non-CO 2 fluxes
The conversion of agricultural land into SRC can induce short-term peaks in N 2 O emission (Nikiema et al., 2012; Palmer et al., 2014; Walter et al., 2015; Zona et al., 2012) , comparable to the effect of tillage on precultivation soils leading to a rapid destabilization of the carbon and nitrogen cycles (Grandy & Robertson, 2006) . Depending on the availability of NO − 3 and water during the period following land conversion, the peak emission can appear immediately or may lag behind (Pinto et al., 2004) . At our plantation, the peak N 2 O emission was important (39% of the annual net GHG emissions) during the establishment phase (August 2010) of the SRC. Before August 2010, plants were too small for a significant uptake of nitrogen, and thus, more nitrogen became progressively available for leaching and for microbial processes as a result of the aerobic nitrification of NH (Palmer et al., 2014) . Soil water content, soil temperature, and soil pH (when pH is low, the reduction of N 2 O to N 2 is lower) are also important drivers of temporal variation in N 2 O (Walter et al., 2015) , together with soil type and site management (Palmer et al., 2014) . The stock of nitrogen in the soil of our site was high at the moment of establishment, that is, 9.4 ± 1.4 and 9.1 ± 2.1 Mg N/ha for the previous pasture and cropland, respectively (Broeckx et al., 2012) as a result of the long history of intensive crop production and the high nitrogen depositions in Flanders (Verstraeten et al., 2012) .
In contrast to previous studies that showed a minor uptake of CH 4 by SRC plantations (Drewer, Finch, Lloyd, Baggs, & Skiba, 2012; Gauder, Butterbach-Bahl, Graeff-Hönninger, Claupein, & Wiegel, 2012; Walter et al., 2015) , our site was never a CH 4 sink, but almost always a small source. This might most probably be explained by the high soil wetness creating anaerobic conditions, but which also favored the fast growth and the high yields of the SRC (Vanbeveren & Ceulemans, 2018; Verlinden et al., 2015) . Emission events were nearly always related to short (1-2 days) periods of flooding and water logging at some parts of the plantation after intensive precipitation as confirmed by the low water table depths. Soil texture including clay-enriched deeper soil layers (Broeckx et al., 2012) might also have contributed. Base CH 4 emission fluxes-beside the emission events-were close to the detection limit of the analyzer. There was no short-term effect of land conversion to SRC on the CH 4 fluxes in line with previous observations at two sites in Germany (Walter et al., 2015) .
| Drivers of temporal and interannual dynamics
Our study confirmed that our SRC in Flanders, Belgium, mitigated GHG emission a few years after establishment, that is, after two rotations. CO 2 most strongly determined the overall GHG balance and the sink became larger with time. The conversion from agricultural land to SRC and the subsequent coppicing were the main causes of the emission of CO 2 , as well as of N 2 O (cf. Whitaker et al., 2017) . We were not able to identify unique controlling factors of the temporal variation and the longer term evolution of CO 2 and non-CO 2 fluxes (see Figures S2-S4) . Furthermore, our sets of ancillary, explanatory data did not cover the entire 2010-2016 time period and, thus, our data analyses did not allow to unambiguously identify the drivers of the temporal and inter-annual dynamics of the CO 2 and of the GHG balance. The results of previous intensive campaigns and field observations between 2010 and 2016 suggest, however, that the following might explain the increasing CO 2 sink with time: (a) the root system kept on increasing over the years and the rotations. So, the below-ground root system grew bigger each year, while the above-ground foliage and shoots were removed with each coppice; (b) growth vigor and resprouting performance increased over the years and the rotations (Vanbeveren & Ceulemans, 2018) ; (c) leaf area index increased and increased fast over the years (Vanbeveren et al., 2016) ; (d) over the period 2010-2014, we measured an increase of SOC sequestration of 9 Mg C/ha or 33 Mg CO 2 /ha (Berhongaray et al., 2017) . So, without any doubt, many drivers (climate, phenology, coppicing, below-ground carbon) jointly explained the dynamics in CO 2 fluxes within as well as between years and rotations.
The conclusions of this study are based on the non-irrigated, non-fertilized, and only occasionally flooded SRC plantation in Flanders with its specific environmental conditions (of soil characteristics, soil water content and fertility, air temperature, and precipitation). Nevertheless, they illustrate the potential of SRC plantations to mitigate GHGs. Management options to further optimize the mitigation potential of land conversion to SRC might include, among others, longer rotations (involving less machinery, less GHG emissions in the whole life cycle), irrigation (higher yields, higher CO 2 uptake rates), or drainage (lower GHG emissions) depending on the soil water status.
